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Abstract 

Background: This study provides information on the antibacterial effect of copper against the water-borne 
pathogens Salmonella Typhi, Salmonella Typhimurium and Vibrio cholerae. 

Methods: Suspensions of each pathogen were kept in water within a traditional copper vessel at 30°C for 24 h. 
Samples were withdrawn, diluted and plated onto suitable growth media. Conventional enumeration of healthy 
(uninjured) bacteria was carried out using standard aerobic incubation conditions. Additionally, reactive oxygen 
species-neutralised (ROS-n) conditions were achieved by adding the peroxide scavenger sodium pyruvate to the 
medium with anaerobic incubation, to enumerate uninjured (ROS-insensitive) and injured (ROS-sensitive) bacteria. 
Differences between log-transformed means of conventional (aerobic) and ROS-n counts were statistically 
evaluated using f tests. 

Results: Overall, all three pathogens were inactivated by storage in copper vessels for 24 h. However, for shorter- 
term incubation (4-12 h), higher counts were observed under ROS-n conditions than under aerobic conditions, 
which demonstrate the presence of substantial numbers of sub-lethally injured cells prior to their complete 
inactivation. 

Conclusions: The present study has for the first time confirmed that these bacterial pathogens are inactivated by 
storage in a copper vessel within 24 h. However, it has also demonstrated that it is necessary to account for short- 
term sub-lethal injury, manifest as ROS-sensitivity, in order to more fully understand the process. This has important 
practical implications in terms of the time required to store water within a copper vessel to completely inactivate 
these bacteria and thereby remove the risk of water-borne disease transmission by this route. 



Background 

According to the World Health Organization, an esti- 
mated 4.1% of the total global burden of disease is contrib- 
uted by diarrhoeal illness: around 88% of that burden is 
due to unsafe water supply, sanitation and hygiene, with 
children in developing countries being the most common 
victims [1]. Though there has been improvement in 
providing safe drinking water in developing nations such 
as India, the adverse impact of unsafe water continues. 
Today, inadequate access to clean drinking water and sani- 
tation are among the biggest environmental problems in 



* Correspondence: r.reed@cqu.edu.au 
t Contributed equally 

1 Centre for Plant and Water Science, Faculty of Sciences, Engineering and 
Health, CQUniversity, Rockhampton, Queensland 4702, Australia 
Full list of author information is available at the end of the article 



India, threatening both urban and rural populations; chil- 
dren suffering from microbial contamination of drinking 
water supplies are exposed to a range of viral, bacterial 
and protozoal pathogens [2-4]. 

Among the water-borne pathogenic bacteria prevalent in 
developing nations, Salmonella enterica is of considerable 
significance, with approximately 22 million cases of enteric 
fever caused by Salmonella Typhi in 2002 [5] and approxi- 
mately 5.5 million cases of enteric fever caused each year 
by Salmonella Paratyphi A, B or C [6]. In a study con- 
ducted on urban drinking water supply systems in Nepal, 
Salmonella was detected in 42 out of 300 water samples, 
with the predominant serotype being Salmonella Typhi- 
murium [7]. Typhoid fever is one of the main public 
health problems in urban slums in India [5]. In a 2006 
study in Kolkata, it was observed that typhoid fever mainly 
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occurred in younger men, and that the absence of hygienic 
habits such as hand washing was a major route of trans- 
mission [8]. Similarly, cholera outbreaks have been 
reported from rural areas in India with unhygienic envir- 
onmental conditions, inadequate sanitation and unsafe 
water supplies [9] and toxigenic strains of Vibrio choleme 
Ol has been responsible for many large water-borne out- 
breaks of cholera on a global scale [10]. 

Ancient scriptures dating back to around 2000 BC high- 
light various practices of water treatment by filtration, 
exposure to sunlight and storage in brass and copper 
vessels [11]. Consequently, the antibacterial potential of 
copper has been exploited since these ancient times. In 
contrast to the low sensitivity of human tissue to copper, 
microorganisms generally are extremely susceptible to 
copper, making it suitable for water disinfection [12]. Pre- 
vious studies have investigated the inactivation and injury 
of faecal indicator bacteria such as Escherichia coli and 
Enterococcus faecalis during short-term storage in brass 
vessels [11,13], with reactive oxygen species-neutralized 
(ROS-n) conditions consistently giving higher counts than 
aerobic counts indicating that conventional plate counting 
is not sufficient to enumerate sub-lethally injured bacteria. 
A study from south India [14] also described decreased 
bacterial contamination of water stored in a brass con- 
tainer, though without investigating the potential effects of 
sub-lethal injury. More recent research has reported the 
inactivation of E. coli, S. Typhi and V. cholerae after over- 
night storage in a copper vessel [15] though, again, the 
possibility of sub-lethal injury and lack of growth of 
injured cells under conventional enumeration conditions 
was not considered. 

There are several reports of V. cholerae entering a dor- 
mant or a viable-but non-culturable (VNC) state due to 
nutrient deprivation and/or stressful environmental condi- 
tions [16,17]. However, an alternative explanation for the 
VNC state involves sub-lethal injury, as demonstrated for 
Salmonella Typhimurium following thermal and non- 
thermal food preservation procedures, where sub-lethal 
injury was demonstrated by plating on different selective 
media such as trypticase soy agar and violet red bile glu- 
cose agar, with the latter giving lower counts [18]. Con- 
ventional microbiological enumeration practices using 
aerobic culture does not take into account sub-lethal 
injury of the bacteria, which can be demonstrated through 
ROS-neutralisation techniques. 

The present study was designed to investigate not only 
the dynamics of inactivation of S. Typhi, S. Typhimurium 
and V. cholerae in water stored in copper vessels but also 
to quantify the extent of any sub-lethal injury caused to 
these bacteria during storage in the vessels. Such sub- 
lethal injury is manifest in terms of ROS-sensitivity and 
counteracted using ROS-n enumeration conditions [19]. 
The findings of the present study have important 



implications in relation to the practical use of copper ves- 
sels in rural areas of India and elsewhere, in terms of the 
time required to completely inactivate both healthy and 
injured bacteria. 

Methods 

Bacterial strains and culture preparation 

S. Typhimurium MTCC1251 and MTCC98, S. Typhi 
MTCC733 and V. cholerae MTCC3906 were obtained 
from Institute of Microbial Technology, Chandigarh 
while 5. Typhi Ty2 and V. cholerae Ol were obtained 
from the Central Research Institute, Kasauli. All strains 
were studied at Panjab University. Stocks were main- 
tained by sub-culturing every 15-20 days on nutrient agar 
(HiMedia, Mumbai, India). For experimental procedures, 
1 CFU 100 ml' 1 NB was incubated for 18 h at 37°C with- 
out shaking. In this way, the cells reached stationary 
phase in an essentially anaerobic environment [19]. This 
approach enables the cells to grow by fermentative meta- 
bolism, in contrast to aerobic shake cultures, which 
would grow by respiratory metabolism. Using cells grown 
under fermentative conditions enables the effects of 
oxygen sensitivity to be studied in the experiments, since 
such cells are likely to show heightened responses to oxy- 
gen. The pH of the nutrient broth was adjusted to be 
slightly alkaline (pH 7.5) using 0.01 mol L' 1 HEPES/ 
NaOH [4-(-2 Hydroxyethyl)-l-piperazine ethanesulfonic 
acid, HiMedia, Mumbai, India] for V. cholerae. The cul- 
ture was then centrifuged at 5300 x g for 5 min at 5°C 
and rinsed twice with 0.85% NaCl to remove all traces of 
growth medium. The pellet was then suspended in the 
same volume of sterile distilled water and then diluted to 
1:100 for experimental purposes, i.e 100 ml of bacterial 
suspension was added to 10 litres of sterile distilled water 
at pH 7.0 for S. Typhi, S. Typhimurium and 7.5 for 
V. cholerae to give a to give a final density of 10 6 -10 7 
colony forming units per millilitre (CFU mL' 1 ) at 0 h. 

Water source and Storage vessel 

Sterile distilled water was used for all experimental pro- 
cedures. This water was adjusted to pH 7.0 for 5. Typhi 
and 5. Typhimurium and to pH 7.5 for V. cholerae. Cop- 
per vessels (12 litre capacity), obtained from the local 
market in Chandigarh were disinfected, scrubbed and 
rinsed thoroughly to remove any adherent contamination 
from the inner surface. In order to mimic the rural set- 
ting in a laboratory by keeping the cleansing and disin- 
fecting step simple, easy and cost-effective, the present 
method of rinsing with water, disinfecting and rinsing 
thoroughly three times with several litres of sterile dis- 
tilled water each time before use was carried out [20]. 
Chemical analysis of the composition of the copper ves- 
sels was carried out using the Test-Master Pro, WAS 
Worldwide Analytical Systems AG, Wellesweg, Germany 
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and was found to contain 95% copper and 4.59% zinc. 
The mouths of all vessels were kept covered with sterile 
paper during the test procedure, to prevent airborne con- 
tamination of the water stored within. No contaminant 
colonies were seen during experimentation, confirming 
the effectiveness of this approach. 

Laboratory experiments 

Suspensions of each bacterial strain were stored in water 
in copper vessels at 30°C for 24 h. Samples were with- 
drawn at 0, 2, 4, 6, 8, 10, 12 and 24 h, and serial decimal 
dilutions were prepared for each sample, to cover the dilu- 
tion range 10 -10" . Triplicate nutrient agar plates with 
and without 0.05% w/v sodium pyruvate, peroxide 
quencher [19,21], were prepared for each sample/dilution 
using a modified Miles and Misra surface droplet method 
[11], where 20 ul of each dilution was placed onto the 
surface of pre-dried agar medium within a petri plate 
using a calibrated micropipette. The droplets were then 
spread across the surface of the medium using an inocula- 
tion loop, with 3 droplets per plate. Each drop is of 20 ul 
volume, making it 60 ul when the results for triplicate 
drops are added together. Here the loop was simply used 
to spread out the whole droplet, as an alternative to a 
'spreader' (due to the smaller size of the droplet). Suspen- 
sions of each bacterial strain were stored in glass vessels 
under identical conditions and were processed similarly 
for enumeration. Each experiment was repeated three 
times with each strain. 

Enumeration 

Nutrient agar plates without 0.05% w/v sodium pyruvate 
were incubated in a conventional aerobic incubator at 
37°C for 24 h while nutrient agar plates supplemented 
with 0.05% w/v sodium pyruvate were incubated anaerobi- 
cally in an anaerobic jar (HiMedia System Mark II) at 
37°C for 24 h (ROS-n conditions) followed by further 24 h 
incubation at 37°C under normal aerobic conditions to 
ensure that all colonies were large enough to count. A 
non-selective medium was able to be used as the experi- 
ments were carried out with a pure suspension of a single 
bacterium [no contaminants were present] . Colonies were 
counted following the appropriate incubation period and 
the data expressed as CFU ml" by correcting for dilution 
and volume. The minimum count (detection limit) in all 
the experiments was 1 colony forming unit (CFU) in 3 x 
0.02 ml aliquots (0.06 ml) which corresponds tol6.7 
CFU mL" 1 (colony forming unit = {C/V} x M) or 1.222 
when expressed as a log value. This has been represented 
in all the graphs as a dotted horizontal trend line. At any 
given time point during the course of the experiment, if 
the counts were below 1 CFU per 0.06 ml, they were 
regarded as counts below the minimum detection limit (< 
1.222). It is important to appreciate that such values 



cannot be shown directly on a log scale: in experiments 
where the counts fell below the detection limit, the plotted 
curve appears to stop at the last recorded positive count 
but it is important to realise that this does not mean that 
samples were not taken and processed for time point 
beyond this value, but that the values cannot be shown, 
since they are < 1.222. 

Statistical analysis 

Colony counts are expressed as mean logi 0 CFU ml" with 
95% confidence limits. 95% confidence limits were used 
for error bars in the graphs. Differences between log- 
transformed means of conventional (aerobic) and ROS-n 
counts were statistically evaluated using t tests. The t and 
p value for two sets of log values at the same time point 
was calculated using the t test: paired two sample for 
means function in Microsoft Excel spreadsheet. 

Results 

Figure la and lb show the inactivation and sub-lethal 
injury of S. Typhi 733 and 5. Typhi Ty2 in water stored 
in a copper vessel for up to 24 h, enumerated under 
normal aerobic conditions and ROS-n conditions. 
Counts for both strains fell below the minimum detec- 
tion limit by 10 h with the degree of sub-lethal injury, 
demonstrated in terms of the difference between aerobic 
and ROS-n counts, being more pronounced for S. Typhi 
Ty2 at 48 h. This difference was statistically significant 
at 4 h (t = 8.21, p = 0.01) and beyond. A statistically sig- 
nificant difference between aerobic and ROS-n counts of 
S. Typhi 733 was also observed at 4 h (t = 5.26, p = 
0.03). No counts were detected for both strains after 8 h 
under aerobic conditions and ROS-n conditions. 

5. Typhimurium 98 and S. Typhimurium 1251 
(Figure 2a and 2b) were less rapidly inactivated than 
the strains of S. Typhi, with counts at 12 h but not at 
24 h. A significant difference was observed between 
aerobic and ROS-n counts at 12 h (t = 15.55, p = 
0.004 for S. Typhimurium 98 and t = 23.93, p = 0.002 
for S. Typhimurium 1251), indicating sub-lethal injury 
to both strains. Counts for both strains of S. Typhi- 
murium fell below the minimum detection limit after 
12 h under aerobic and ROS-n conditions. 

For V. cholerae 3906 and V. cholerae Ol there was 
minimal change in counts over the first 4 h of storage, 
followed by a more rapid decrease with both aerobic 
and ROS-n counts falling below minimum detection 
limit after 10 h (Figure 3a and 3b). Compared to 
S. Typhi and S. Typhimurium, the two test strains of 
V. cholerae demonstrated the largest difference between 
aerobic and ROS-n counts at 10 h (t = 60.48, p = 0.0003 
for V. cholerae 3906 and t = 4.0.20, p = 0.0006 for 
V. cholerae Ol). Such differences represent a substantial 
number of sub-lethally injured cells, e.g. at 10 h the 
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Figure 1 Plate counts of (a) 5. Typhi 733 and (b) S. Typhi Ty2 in distilled water at pH 7.0, 30°C stored in a copper vessel and 
enumerated under aerobic conditions (open circles) and ROS-n conditions (closed circles); (a) S. Typhi 733 and (b) S. Typhi Ty2 in 
distilled water at pH 7.0, 30°C stored in a glass vessel and enumerated under aerobic conditions (open squares) and ROS-n conditions 
(closed squares) Error bars represent 95% confidence limits (n = 3). No counts were obtained at 24 h under any conditions. No counts 
were obtained after 8 h for bacteria kept in water in the copper vessel. 



counts were 5 x 10 2 CFU ml" 1 for V. cholerae 3906 
under aerobic conditions and 1.5 x 10 CFU ml" under 
ROS-n conditions, with equivalent counts for V. cho- 
lerae Ol of 5 x 10 2 CFU ml" 1 and 1.0 x 10 4 CFU ml" 1 . 

Overall, all test strains were completely inactivated 
(with no counts obtained under aerobic or ROS-n condi- 
tions) by storage in water kept in a copper vessel for 
24 h, though all demonstrated sub-lethal injury (sensitiv- 
ity to aerobic enumeration conditions) during shorter- 
term exposure. In contrast, storage of the same strains in 
water maintained in glass vessels resulted in no substan- 
tial change in aerobic or ROS-n counts up to 24 h (con- 
trol data shown in Figures 1, 2, 3). 

Discussion 

Despite global initiatives in water and sanitation, enteric 
fever and cholera remain major public health problems in 



many developing countries [22,23], primarily due to lack 
of adequate sanitation facilities and safe drinking water, 
alongside issues related to personal hygiene [24] . Not only 
are some sources of drinking water contaminated, the like- 
lihood of post-collection contamination during transport 
and/or storage at the household level is also high [25]. 
Given the large population of developing nations such as 
India and the scarcity of water resources, there is an 
unmet need to address the issue of point-of-use disinfec- 
tion of drinking water, especially in rural settings. One of 
the proposed solutions to this problem was installation of 
boreholes and community wells. However, these protected 
sources of water are usually located far away from homes 
and require storage for some time before consumption 
[26], leaving the problem of post-collection contamination. 

The present study has established the antibacterial 
effect of copper against some of the most important 
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Figure 2 Plate counts of (a) S. Typhimurium 98 and (b) 5. Typhimurium 1251 in distilled water at pH 7.0, 30°C stored in a copper 
vessel and enumerated under aerobic conditions (open circles) and ROS-n conditions (closed circles); (a) 5. Typhimurium 98 and (b) 5. 
Typhimurium 1251 in distilled water at pH 7.0, 30°C stored in a glass vessel and enumerated under aerobic conditions (open squares) 
and ROS-n conditions (closed squares). Error bars represent 95% confidence limits (n = 3). No counts were obtained at 24 h under any 
conditions. No counts were obtained after 12 h for bacteria kept in water in the copper vessel. 
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Figure 3 Plate counts of (a) V. cholerae 3906 and (b) V. cholerae 01 in distilled water at pH 7.5, 30°C stored in a copper vessel and 
enumerated under aerobic conditions (open circles) and ROS-n conditions (closed circles); (a) V. cholerae 3906 and (b) V. cholerae 01 
in distilled water at pH 7.5, 30°C stored in a glass vessel and enumerated under aerobic conditions (open squares) and ROS-n 
conditions (closed squares). Error bars represent 95% confidence limits (n = 3). No counts were obtained at 24 h under any conditions. No 
counts were obtained after 10 h for bacteria kept in water in the copper vessel. 



water-borne pathogens of developing nations, namely 
S. Typhi, 5. Typhimurium and V. cholerae. We have also 
demonstrated that injury is caused to the bacteria dur- 
ing short-term storage, and that this must be taken into 
account in order to obtain a comprehensive view of the 
antibacterial process, since ROS-sensitive bacteria are 
not detected by conventional procedures, and would 
therefore be missed during counting using standard 
laboratory methods and media. This is a significant find- 
ing as the sub-lethally injured microorganisms maybe as 
important as their healthy counterparts as they could 
have the potential to resuscitate in a favourable environ- 
ment [27]. The frequency of isolation of V. cholerae and 
V. vulnificus is affected by environmental conditions 
[28] and it has been proposed that such organisms may 
enter a viable-but-non-culturable (VNC) state [29]. 
However, such an interpretation is typically based on 
conventional aerobic counts, and the ROS sensitivity of 
sub-lethally injured cells of V. vulnificus [30] provides 
an alternative possibility. Thus the resuscitation of 
starved V. vulnificus [31] and V. parahaemolyticus [32] 
through supplementation of the growth medium with 
pyruvate- and/or catalase reinforces the need to con- 
sider ROS-n conditions for bacterial enumeration. 

The findings of the present study are significant at the 
practical level, since they provide information that extends 
the findings of earlier studies, based on conventional aero- 
bic counts [14,15]. While there is a possibility that cells of 
pathogenic bacteria may not be completely inactivated 
when water is stored for short-term periods in copper ves- 
sels, our results clearly demonstrate that 24 h is sufficient 
to reduce counts of all tested strains of S. Typhi, S. Typhi- 
murium and V. cholerae by > 10 s CFU ml" 1 , dropping 
below the minimum detection limit by this time. Conse- 
quently, 24 h storage is recommended in preference to 



shorter-term storage, e.g. overnight. Our previous studies 
have demonstrated leaching of copper ions when water is 
stored at 35°C at pH 7.0. The total dissolved copper was 
measured using a Perkin-Elmer Analyst atomic absorption 
spectrophotometer, Perkin-Elmer, USA at the Post Gradu- 
ate Institute of Medical Sciences, Chandigarh [33]. Clearly, 
the inactivation is not due to nutritional stress, as in a 
glass vessel there is no lethality. The levels of copper in 
the vessel are not sufficient to be of concern in any nutri- 
tional or osmoric sense - they are still low, but enough to 
injure and then inactivate the bacteria. 

Conclusions 

Effective point-of-use water disinfection methods are 
required to reduce the incidence of diarrhoeal diseases in 
developing nations such as India. We have demonstrated 
the value of using traditional copper storage vessels to inac- 
tivate the water-borne pathogens responsible for typhoid 
fever and cholera, while also highlighting the occurrence of 
sub-lethal injury during storage for periods of less than 24 
h. The application of improved methods for water storage 
at the household level are likely to have a significant impact 
on the overall health of the community [25,26]. 
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